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I. INTRODUCTION 



The standard model of electroweak interactions (SM) is not able to give a satisfactory 
explanation to family repetition and to the complex pattern of the fermion masses. One 
expects a substantial improvement in the understanding of these problems when consider- 
ing an underlying fermionic substructure where the usual fermions share some constituents 
(preons) Jll. In this sense, the SM would be just the low-energy limit of a more fundamental 
theory, being valid only at energies below the compositeness mass scale A. 

One of the most unambiguous predictions of the composite models is the existence of an 
excited lepton state for each known lepton. Unfortunately, we do not yet have a satisfactory 
model that could reproduce the whole family spectrum. In view of the lack of a unique 
predictive theory, a model-independent phenomenological analysis of the effects of fermion 
compositeness seems the most appealing approach. On this ground, we can employ the 
effective Lagrangian techniques to describe the physics of these excited states below the 
compositeness scale. 

This approach has been employed in several phenomenological studies that analysed 
the expected signatures of these excited fermions in pp 0]^, e+e~ p|,^,|^J|,^, and ep 
collisions at high energies. On the experimental side, several searches for these particles have 
been carried out, including those at the CERN Large Electron-Positron Collider (LEP) |^ 
and at HERA 0. At LEP, the experiments at the Z pole excluded the existence of excited 
spin-| fermions with mass up to 46 GeV from the pair production search (e+e" 
and up to 90 GeV from direct single production (e^e~ —>■ ii*) for a scale of compositeness 
A < 2.5 TeV 0. Very recent results from the L3 Collaboration at centre-of-mass 
energies of 130-140 GeV, determined the lower mass limits at 95% C.L. of 64.7 GeV for the 
excited electrons, and roughly A > 1.4 TeV for 90 < Me* < 130 GeV. The experiments at the 
DESY ep collider HERA also searched for resonances in the 67, uW, and eZ systems P,[l0 



however the LEP bounds on excited leptons couplings are about one order of magnitude 
more stringent in the mass region below the Z mass. 

In spite of the failure of all the direct searches for compositeness, we could expect that 
the next generation of accelerators, working at higher centre-of-mass energies, would be able 
to obtain a direct evidence of the existence of these composite states. On the other hand, an 
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important source of indirect information about new particles and interactions is the precise 
measurement of the electroweak parameters done at LEP. Virtual effects of these new states 
can alter the SM predictions for some of these parameters and the comparison with the 
experimental data can impose bounds on their masses and couplings. 

In this work we investigate the one-loop effects of excited leptons in the observables 
measured on the Z peak at LEP. Using an effective Lagrangian in terms of dimension five 
operators to describe the couplings of the excited leptons, we compute their contribution 
to both oblique and vertex corrections to the electroweak parameters. Our results show 
that the new effects are comparable to the present experimental sensitivity, but they are 
only able to constrain very marginally the model parameters beyond the present limits from 
direct searches. 

The outline of the paper is as follows. In section ||, we introduce the effective Lagrangian 
describing the couplings of the excited leptons. Section |ITT| contains the relevant analytical 
expressions for the one-loop corrections induced by the excited leptons. Our results and their 



respective discussion are given in Section This paper is supplemented with Appendix A 
where we list all the relevant Passarino-Veltman functions. 



II. EFFECTIVE INTERACTIONS 



In order to reduce the number of free parameters in a general effective Lagrangian, we 
concentrate here in a specific model, following the formulation of Hagiwara et al. |Q. This 
particular model has been used by several experimental collaborations as a guideline to the 
search of composite states. We consider excited fermionic states with spin and isospin |, and 
we assume that the excited fermions acquire their masses before the SU{2) xU{l) breaking, 
so that both left-handed and right-handed states belong to weak isodoublets. We introduce 
the weak doublets, with hypercharge Y = —1, for the usual left-handed fermion {ipi) and 
for the excited fermions (^P*), 




The most general dimension-five effective Lagrangian describing the coupling of the excited 
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fermions to the usual fermions, which is SU{2) x U{1) invariant and CP conserving can be 
written as 

= -^^"^"^ {9f2^w;^ + g'fi^B,,^ i^, + h. c. , (1) 

where /2 and /i are weight factors associated to the SU{2) and U (1) coupling constants, with 
A being the compositeness scale, and a^y = (i/2)[7^, 7,^]. g and g' are the gauge coupling 
constants of SU{2) and U{1) respectively. At tree-level they can be expressed in terms of 
the electric charge, e, and the Weinberg angle, 9w, as g = e/ sm9w and g' = e/ cos6'vv'. We 
will assume a pure left-handed structure for these couplings in order to comply with the 
strong bounds coming from the measurement of the anomalous magnetic moment of leptons 



H 



In terms of the physical fields, the Lagrangian (|1|) becomes 
'^Ff = - E CvFfFa>^''{l-l5)fd^V,-z E DyFfFa>^''il~j,)fW,V,+ h. c, (2) 

V='y,Z,W V='y,Z 

where F = N, E, and / = z/, e. The non-abelian structure of (|l]) gives rise to a contact 
quartic interaction, such as the second term in the r.h.s. of Eq. (0). In this equation, we 
have omitted terms containing two W bosons, which do not play any role in our calculations. 
CvFf is the coupling of the vector boson with the different kinds of fermions, 

CyEe = —^{f2 + fl) , C^Nu = ^{f2 — fl) 

CzEe = -^(/2 cot 9w - fi tan6'iy) , CzN,y = ^(/2 cot 9w + fi tan6'iy) (3) 

CwEf = CwNe = ^ /K n , 

2v2 smt' A 

and the quartic interaction coupling constant, Dypj, is given by 
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V2 



n — n _eS/2(X)s^^ 

J-^ZEu — —^ZNe — . . 'I n 1^/2 • 

4sm 9wJ^ 



(4) 



The coupling of gauge bosons to excited leptons can be described by the SU{2) x U{1) 
invariant and CP conserving, effective Langragian, 



Cff = 

In terms of the physical fields, this can be written as 



^* (5) 



V=-i,Z,W 



(6) 



Since we have assumed that the left- and right-handed excited leptons have the same 
quantum numbers under the standard gauge group, the dimension-four piece in is taken 
vector-hke. Aypp is given by 



A^EE — ~e 



AzEE = e 

AwEN 



2 sin Ow cos Ow 

e 



AzNN 







2 sin 0]y cos 



(7) 



V2 sin 6w 



and KvFF is given by 



K^EE = -^('^2 + Hi] 

e 



K^NN ■ 
KzNN 



^ (fi;2 cot 6w + tan 6 



w 



KzEE = -^(«:2Cot6'H' - KitanOi 
v2 smUw 

It is important to notice that the phenomenological model for the excited fermions de- 
scribed by the Lagrangians (Q) and @ has been extensively used by several experimental 
collaborations p|,P, p!0| , p!T| to search for excited states. Therefore the results presented in 
this paper can be directly compared with the bounds on the excited fermion mass and 
compositeness scale obtained by these collaborations. 



III. ANALYTICAL EXPRESSIONS 



In this work we employed the on-shell-renormalization scheme, adopting the conventions 



of Ref. [13|. We used as inputs the fermion masses, Gp, a, and the Z-boson mass. The 



electroweak mixing angle is a derived quantity defined through sin^ 6\y = s"^ = 1 — M^/M|. 

As a general procedure to evaluate the virtual contributions of the excited states, with 
couplings described by @ and (1), we evaluated the loops in D = 4 — 2e dimensions using the 
dimension regularization method [0] which is a gauge-invariant regularization procedure, 
and we adopted the unitary gauge to perform the calculations. We identified the poles at 
D = 4 {e = 0) and D = 2 {e = 1) with the logarithmic and quadratic dependence on the 
scale A |TH|. The finite part of the loop is given by 
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-^finite — lini 



L(e) - i?o - - 7£; + log47r + 1 - i?i 



1 



+ 1 



.e - / Ve-1 

where -Ro(i) are the residues of the poles at e = 0(1). The final result is written as 



L = Lfinite + -Ro log I ^ 1 + -Rl 



In order to compute the loops in D dimensions in terms of the Passarino-Veltman scalar 
one-loop functions (see Appendix A), we used the Mathematica package FeynCalc [|16[. The 
output of FeynCalc, in the case of the two-point functions, was checked against the results 
obtained by a direct analytical calculation. 

Close to the Z resonance, the physics can be summarized by the effective neutral current 



(9) 



where (I^) is the fermion electric charge (third component of weak isospin), and is the 
Fermi coupling constant measured via the muon lifetime. The form factors p/ and have 
universal contributions, i.e. independent of the fermion species, as well as non-universal 

parts. 



Pf = 1 + Apuniv + Apnon , 



(10) 

(11) 



Excited leptons can affect the physics at the Z pole through their contributions to both 
universal and non-universal corrections. The universal contributions can be expressed in 
terms of the unrenormalized vector boson self-energies. Defining the transverse part of 
vacuum polarization amplitudes between the vector boson Vi — V2, UYl^^^q"^), as 



V1V21 



where Vi 



Ap^ 

rv 



S = 



•y, W, and Z, we can write 

s£.^(^) 



A „ex 
univ 



Sw z ^ Sw z ^ 



s — z 



+ 



ex 



z 



W Cw z 



(w) 



z 



w 



z 



w 



w 



W ^Sw z 



(12) 



where w{z) = M^^^-,, sw{cw) = sm{cos)9w and S' = dL/dq^. 

The diagrams with excited lepton contributions to the self-energies are shown in Fig. |I|. 
The final result for the transverse part of vacuum polarization T}^J'^ contribution coming 
from the loop of an excited fermion with mass M and an ordinary massless fermion is 



~ 127r 



lpCy,FfCv.,pf jeg^A^ + g^og^ 



(13) 



-2g2M2 - ^ + M\2M^ - q^) + (M^ - q^){2M^ + q^) 

xh-(-f)-(-^)]} 

where Vi(2) refers to the initial (final) vector boson, and the constants Cypf are defined in 
(§) for the different vector bosons and fermions. 

For the vacuum polarization, Y^^p'^ , coming from the loop of two excited fermions with 
mass M, we obtain: 

,2 f 



6Kv,ffKv,ffM'A' + 



2Av^ffAv2FF 



+Q{Av,ffKv2FF + Av2FfKv,ff)M + SKv.ffKv^ff + 2M2j]M2log 
+4:Av,ffAv2FfM^ U + ^) + 6iAv,FFKv2FF + Av2FfKv,ff)M^ 



A' 



+Kv,ffKv,ffM^ + 

(4M2-g2^1/2 



-2 



arctan 



(4M2 - q 



2Av,ffAv,ffM-' (1 + 2^ 



+Q{Av^ffKv2FF + Av2FfKv,ff)M^ + Kv.ffKv^ffM^ (g^ + SM^)] 



(14) 



For the purpose of illustration, we derived approximate expressions for the excited 
fermion contribution to the two-point functions, S^^^, in the large-M limit. For Rq = 

q^/M"^ < 1, we obtain 



"FF 



^^Rq \ 3A^(2CviF/Cy2i^/ + Kv^ffKv2Ff) — AviFfAv2Ff 



—3{Av^ffKv2FF + Av2FfKviFf)M — QKvj^ffKy^ffM'^ — 3CviFfCv2FfM'^ 

+ [Av,ffAv2FF + 3{Av,ffKv2FF + Av2FfKv,ff)M + 3Ky^FFKv2FFM^] log ^1 



(15) 



We obtain in this approximation the following expressions for the universal corrections, 



Ar 



a 



Rz (cL + S' 



+60 f Rl log Rl + 15 Rl log Rl 



24 - 60 A; /RZ - 50 p Rl - 15 ^ Rl 



(A 



(16) 



4 , 4 AP(^) 



where i?^ = M^/M"^ and Rl = M^/A^. For the sake of simplicity, we have assumed that 
/i = /2 = / and ki = k2 = k. 

Since we are considering non-renormalizable dimension-five operators the loops should, 
in principle, present poles aX D = 2 that would generate terms that are finite when A ^ oo. 
However, we are restricting ourselves to SU{2) x f/(l) gauge invariant operators, and the 
final results for the physical observables behave, at most, like logA^/A^, after using the 
SM counterterms [see Eq. ([16|)]. Also, it is straightforward to verify that the new physics 
decouples as the new contributions in Eq. (p!6|) vanish in the limit Rz —>■ for fixed Rl- 

Corrections to the vertex Zff give rise to non-universal contributions to pf and Hf. 
Excited leptons affect these couplings of the Z through the diagrams given in Fig. ^ whose 
results we parametrize as in Ref. [p!^ . 



— l- 



2sivCw 

where the singular part proportional to J]"'^{0) has been split off, and 



Ak 



ex 
non 



ex 
non 



7^f 
Vex 



4 - 2s2^g/ 



-'3 



(17) 

(18) 
(19) 



2sl,Qf 

There are twelve one-loop Feynman diagrams that involve the contribution of excited 
fermions to the three-point functions. For each diagram we define TY\q^,M^,Ml), 
z = 1, ■ ■ ■ , 12, where V2 is the virtual vector boson, with mass My, running in the loop. In our 
calculations, we have assumed that the ordinary fermions are massless [i.e. rn^ <^ M^, My)., 
and in this limit, 9 10 (o'^, My) = 0. Notice that the external fermion loops (diagrams 
5-10 of Fig. 1^ ) only contribute as half, due to the addition of the fermion wave function 
renormalization counterterms. We also found the relations. 
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(g^M^M^) = T6^=^(g^M^M2), 

Therefore, we can write the excited lepton contribution to the form factors -Pyl^^ex' 
an external vector boson Vi as, 



Vex 



Aex 



ISWCW r 



■Vi- 



(20) 



with 



+2 M2, 0) + Ti{q\ M\ M|) + Tf (^^^ M\ M^) 

+T^{q^M',M^) 



(21) 



+ 



T^iq^ M\ 0) + T|^(g^ M\ M|) + Tf (g^ M^.) 



+2r,T(g^M2,M2.) 



Our results for 7i^2,4,5,ii(9^) ^y); terms of the Passarino-Veltman scalar one-loop 
functions, are 



I r^2 
4^ ^v.^/ 



Av.FF (2 - 3 Mv'^ + My^ + My^ g2 + 2 My^ 

+XyiFF (2 M My^ q^-2M^ My2 g2j x Co(0, 0, M^, M2 , M^) 
+Ay,j.F (-2 + My" + My^ + ^ M2 g2 + 2 + ^^^^^ ( M + 2MMlq^) 
Av.FF ( -12M4 + 6M2 Ml+ 6M^+ WM^Q^ + 9MlQ^ -4 Q^) 



2\l/2 



+Kv,FF ( 12 M M2 Q2 _ 6 M Q^) 



X arctan 



(4M2-g2)i/2 



+ 



Ay^i^i. (I8 M2 + 9 My2 - 4 - 6 i^y^^p M q^] log 



^y^Fi. (2 - M2 My2 - My^) - 2 Xy^Fj. M My^ ^^j 



(M^ - M, 

■'^^ C-^F/ j^yiFF(126 + 117i?y) - Rq [Av,ff{64. + 9Rv) 

-Av.FF (108 + 54i?y) 



AT 



1447r 

+i^y,i.j.M(l08 + 18i?y 



+Rq (24 Ay.FF + 36 Kv.FF M) log 



(22) 
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where the couphng constants Cypf, Avff, and Kvff are given by (|^), (|^), and (|), respec- 
tively, and the Passarino-Veltman function Co(0, 0, g^, M^, My, M^) is given in Appendix 
A. The approximate expression was obtained for the large-M hmit, i.e. Rq = q^/M'^ <^ 1 
and Rv = M^/M^ < 1. 



Air 



\ Cv.Ff Cv.Ff {g^, + g^v,) I M2 - 2 My^ - 2 g2 _ g2 log ^ + 2Mv' log 



+2My2 - Mv^ - q^) Co(0, 0, g^, M^, , 0) 
+ (M^-2M/-g^) log(l-^)j 

1^ Cv.Ff Cv.Ff {g^, + g^v,) Rq (i + 2i?y log + 2 log ^ ; , 



(23) 



where gy and gy are the vector and axial coupling of the vector bosons to the usual fermions: 
for V = -f,g; = -e and g^ = 0; for V = W,g^w = g^ = (7/(2v^); ioi V = Z and f = u, 
gz = gz = g/i^cw); ioiV = Z and / = e, = (7(452^ - l)/{Acw) and = -(7/(4ch.). 



T, 



'V2 



+ 



Cl^Ff gviww I -36 A2 g2 + 72 - 36 - 36 - 45 



15 M2 g2 + 46 g4 + 18^4 - 6 M2 + 2 - g2 ^ 4 M2 q^ 
+3 g2 _ m2 X Co(0, 0, q^, M^, M\ M 



_Q[±JvhL_U_ (24 - 12 M2 M2 - 12 - 18 M2 g2 + 4 m2 g 



+5 g ) X arctan 
4 
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+ 3 g2 (18 M2 + 36 + 5 g^) log 



(4M2 -g2)V2 

3 (24 - 12 M2 - 12 M2 - 18 q^ - 36 g 



2 „2 

A^ 

-4 „2 



(M^ - M^) 



+5M2g4-5M2g4) log^ 



2887r 



-72 - 18 - 36i?y + i?Q (103 + 144i?y + 144i?y logi?y) 



+ (108 + 216i?y + 30i?Q) log 



A^ 



(24) 



where gviww is the coupling constant of the triple vector boson vertex. For Vi = 7, Z is 
given by g^ww = gsw and gzww = gcw 
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rpV2 



16 ( - Ml I TT 



2 ^V2Ff 



{9v, + 9v. 



-6(M2 - M^) (2 M2 + Mv=^) log 



14 - M^My^- 7 M/ 



-6 



Ml 



- Mt 



iM- 



16 TT 



14 + 13/2y-6(2 + i?y)log 



log 



(25) 



and, 



V2 



11 



327r 
4 



^ CvnFfD 



4 A2 + 15 + 15 My^ 



18 (M2 + M^; 



log 



A2 



log 



(26) 



4^ + 15 + 15i?y 



18(1 + Rv) log 



A^ 



where Dypf is given in (^. 

In order to make a consistency check of the whole calculation, we have analyzed the effect 
of the excited leptons to the 7// vertex at zero momentum, which is used as one of the 
renormalization conditions in the on-shell renormalization scheme. Taking into account the 
appropriate values for the constants Cypf (H), ^vff (0), and Kypp (H), we verified that our 
exact result, c.f. Eq. for the vertex 7ee cancels at = 0. This result should be expected 
since we are using a gauge invariant effective Lagrangian, and the QED Ward identities fl^ 



require that the excited fermion contribution to this vertex, at zero momentum, vanishes. 
In the same way, we have also checked that T^^yy{q^ = 0) = (note that T4 and Tn must 
change sign for external neutrinos). Moreover, we also verified that the excited fermions 
decouple from the vertex correction in the limit of large M. 

It should be pointed out the the high energy cutoff of the loop integrals represents the 
maximum energy to which the effective Lagrangian is expected to apply and we have assumed 
that the effective operators are valid just up to the compositeness scale, A. Therefore, 
decoupling of heavy excited states occurs only when M — 00 while keeping the ratio M/ A 
finite. 

Finally, we present an approximated expression for the form factor -Fygf' at first order 
in i?Q, Rz and Rw, which is valid for V\ = •y, Z: 



11 



Vex 



+ 72 CviF'f CwF'f {Qw + 9w) + ^'^ ^ViFf [C-yFf (g^f + Q^f) + CzFf {Qzf + 9zf) 
+ 103(7^^/^(7^1^/^ + 216 [C'^pf Ky^FF + C^Ff ^VxFF + C^pij Ky^F'F'^ M 

ASAvj^F'F' C^rp,f + ASAy-i^FF {p^Ff + ^ZFf) " l4:ACviF'f' CwF'f {9w + 9w) 



+ 



— 144 CviFf CjFf {g'^f + g^^f) + CzFfigzf + gzf) " 30 Cy^^p,f gy^ww 



log Rl 



72 (Cypf Ky^FF + CzFf KviFF + Cy^^p, KviF'F'^ M 

18 Av^F'F' Cyypff + 144 C^p/j (y'ViW/VK + 36 C^^/j Kv^^f'F' M 

Aog Rw 



+Rw [i-^AVj^F'F'^WF'f 

+ 14:4:CwF'f [CviF'f {gw + 9w) + CwF' f gvxww 

+Rz ^8 Ayj^ppC'^pj + SQC'^pj Ky^pF M 

+iuCy,FfCzFf {gzf + gzf) logRz 



(27) 



From the above equation it is evident that the vertex corrections are proportional to Rq, 
and therefore vanishes at = 0. 



IV. NUMERICAL RESULTS AND DISCUSSION 

The above expressions for the radiative corrections to Z physics due to excited leptons 
are vahd for arbitrary couphngs and masses. In order to gain some insight as to which 
corrections are the most relevant, let us begin our analyses by studying just the oblique 
corrections, which can also be parametrized in terms of the variables ei, £2, and £3 of Ref. 



eT = cl^ApZU^) - 2slrAKZ,. - s'^ArZ,^ (28) 

Recent global analyses of the LEP, SLD, and low-energy data yield the following values for 
the oblique parameters 
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= eSM ^ gnew ^ (5_^ ^ 2.2) x lO^^ , 
£2 = ei^ + e^''- = (-4.1 ± 4.8) x IQ-^ , (29) 

In Fig 1^, we give the attainable values for the new contributions to the e parameters for 
different values of the excited lepton mass and couplings. As seen from this figure, requiring 
that the new contribution is within the limits allowed by the experimental data (p9|), we find 
that the constraints coming from oblique corrections are less restrictive than the available 
experimental limits. Notice that A being the scale of new physics, M must satisfy M < A. 

As for the vertex corrections, we see in Eq. ([20| ) that the excited leptons alter just the 
left-handed-lepton coupling of the Z. The new contributions to the Z widths, Fge = T{Z ^ 
e~^e~) and Finv = 3 F(Z — » uu), are given by 



. ■■ -1/2) 

ee — Uiiyiz 7^-^ 2 ^ ^' V 



The theoretical values for the Z partial width generated by ZFITTER |T9[, for mtop = 175 
GeV and Mh = 300 GeV, are Fee = 83.9412 MeV and Fj^v = 501.482 MeV. The most recent 
LEP results [H, assuming lepton universality, are T^p^{Z £+£-) = 83.93 ± 0.14 MeV 



and for the invisible width T}"^^ = 499.9 ±2.5 MeV. Therefore, at 95% C.L., we should have 
-0.28 < AFee < 0.26 MeV, and -6.48 < AFi^v < 3.32 MeV. 

We plot in Figures ^ and | the values of AFee and AFjnv attainable in this phenomeno- 
logical model for some values of the compositeness scale and excited lepton masses, assuming 
different configurations of the weight factors fi^2, and ki 2. Our numerical results show that 
the most restrictive bound on the excited fermion mass and compositeness scale comes from 
the comparison of AFee with the LEP data for this observable. 

Let us compare our bounds coming from AFee with the ones emerging from the direct 
search for the excited leptons. First of all, we should point out that the direct search at LEP 



was just able to reach excited fermion masses up to 130 GeV |TT|. On the other hand, the 
HERA Collaborations 0,|T^, looking for states that decay into a gauge boson and a usual 
fermion in the reaction ep —>■ f*X, can access masses up to 250 GeV. 

In Fig. 1^, we present the excluded region, at 95% C.L., in the A versus M plane imposed 
by AFee, for fi = f2 = i^i = i^2 = 1- We have further assumed that M < A, leading to the 
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excluded region represented by the shadowed triangle. For comparison, we also present the 
region excluded by the ZEUS data (below and left of the dashed curve), for /i = /2 = 1- 
Since we have assumed that BR{e* 67) = 1, this curve represents an upper limit for 
the ZEUS bound. As we can see, we were able to exclude just a small region beyond the 
available limit. We also show our results when we relax the condition of M < A. In the 
latter case, our analysis excludes all excited lepton masses with scales A < 165 GeV. 

In principle, compositeness may not only generate these operators involving excited lep- 
tons which contribute to vector boson self energies and vertices at one-loop level, but it may 
also generate effective operators which could give tree-level contributions which we did not 
consider. Cancellations could then be possible between tree-level and one-loop contribu- 
tions and the bounds derived here would not be applied. We assumed that it is unnatural 
that large cancellations occur between the tree-level and the one-loop contributions in the 



observables measured at Mz scale |15]. 

In conclusion, we have evaluated the contribution of excited lepton states, up to the 
one-loop level, to the oblique variables and also to the Z width to leptons. We have com- 
pared our results with the precise data on the electroweak observables obtained by the LEP 
Collaborations in order to extract bounds on some of the free parameters (compositeness 
scale and excited lepton mass) of the phenomenological model under consideration. We also 
compared our results with the recent bounds obtained through the direct search for these 
particles. Our results show that the present precision in the electroweak parameters attained 
by LEP is very marginally able to constrain the parameters A and M beyond the present 
limits from direct searches. 
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APPENDIX A: SCALAR ONE-LOOP INTEGRALS 



The relevant Passarino-Veltman functions are [pO[] , 

d'^k 1 



2\,A-D 



{2n)D F - mo 



2 ' 



1 



(Al) 



2\ ,.4-_D 



(27r)^ (P - ml)[{k + piY - mf] ' 
c/^A; 1 
(27r)^ (P - mg) [(A; + pi)^ - m\] [{k + ^2)=^ - ml] 



where P21 = P2 - Pi 

The scalar function can be written as El 



TTln 



AoK)=m^ A-log^ + 1 +2 



7r(D - 2) 



(A2) 



where we have kept the pole at D = 2, and 



A 



- 'JE + log 4:71 



(A3) 



4-D 

where 7^; is Euler's constant. 

The -Bo and Co functions can be written in terms of integrals over Feynman parameters 

as 



Bo{pl,ml,ml) = A - [ dxlog 

Jo 



X PI — x{pi + rriQ — mi) + tUq — ie 



11^ 



(A4) 



and 



t 2 2 2 2 2 2\ 

Co{Pi,P2i,P2,mo,m^,m. 



1 rx 



dx dy P21X +p^y + {P2 - Pi - P2i)xy 

JQ L 

i/2 2 2\i/2 2,2 2\| 2 • 1 / \ r-\ 

+ (m^ - m2 - P2i)x + (mo - + P21 - ^2)2/ + ^2 - «e (A5) 



The function Bq, for some cases of interest, are 
i?o(0,0,M2) = A + l-log(^) , 

5o(g2,0,M2) = A + 2- fl 



2_ 



(A6) 



{AM' -q 



2TT72 



log 



7? 
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The functions Co, for some cases of interest, are 



Co(0, 0, 0, M2, 0, M2) = 
Co(0,0,0,M2,M2,0) = 

Co(0,0,0, M2,M2,M2): 

Co(0,0,g^M^M2,0) = 



Co(0,0,g^M^M2,M2) 



Co(0,0,g^M^O,M2 



M 



2 ) 



(M^ - Ml 



7T TTT 



M, 



V , 



1 



1 

7 



log 



M2 



M2 



72- 



V 



- 1 



-log 



1 loe 



-27r arctan 



+4 arctan 



2(M' - M^) - 



arctan 



g(4M^-g^)^/^ 
2(M^ - M^) - 



(M^ - M^)^ + M^ 



-Li2 
+Li2 
+Li2 



2 „2 



r 



2(M^ - M^) - i 



Li2 



2(M' - M^) - f 



- Li2 



-\ { — 27r arctan 



q{AM^ - q 
2M^ - q^ 



2U/2 



+4 arctan 
+Li2 



(4M^-g^)^/^ 



2M^-^ 
-Li'' ' 2M^ 



Lio 



arctan 

-r 

2M^ - C 



2{M' - M^) - C 
1^2(M^-M^)-e, 

J. /mV 

g(4M^ - g2li/2 



2M^ - 



+ Li2 



2M^ - f 



(AT) 



where C = 9^ + ^g(4M^ — g^)^^^, and Li2(a;) is the dilogarithm or Spence's function, defined 
as 



U2{x) = - [ ^log(l - xt) , 
Jo t 
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FIGURES 
F 




F 



(2) 



FIG. 1. Feynman diagrams leading to contribution of the excited leptons to the two-point 
functions 
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FIG. 3. Attainable values for the new contributions to the e's parameters in the model as a 
function of the scale A. The solid lines correspond to ei, the dashed ones to 62 and the dotted ones 

to £3. The thin (thick) lines correspond to excited lepton mass value of M = 100 (200) GeV. We 
have assumed different configurations of the weight factors (/i, /2, ki, ^2): (a) = (1,1,1,1); (b) = 
(1,-1,1,-1); (c) = (1,0,1,0); (d) = (0,1,0,1) 
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FIG. 4. Attainable values for the new contributions to the width T[Z — > I'^i^) in the model as 
a function of the scale A. The thin (thick) line correspond to excited lepton mass value of M = 100 
(200) GeV, for configurations of the weight factors as in Fig. ^. 
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FIG. 5. Attainable values for the new contributions to the invisible Z width in the model as a 
function of the scale A. The thin (thick) line correspond to excited lepton mass value of M = 100 
(200) GeV, for configurations of the weight factors as in Fig. ^. 
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FIG. 6. Excluded regions in the A versus M plane from the bounds on AFge (shadowed area), 
and from ZEUS data |]lO| (below and left of the dashed curve), at 95% C.L. 
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